upstream the fabH gene. Furthermore, recent transcriptomic and proteomic data 27 suggested that FadR might in fact activate the majority of fatty acid (FA) synthesis 28 genes. In the present study, we tested the role of FadR in the expression of all the genes 29 involved in FA synthesis. We found that FadR activates the transcription of all tested 30 FA synthesis genes, and we identified the FadR binding site for each of these genes. 31
This necessitated the reassessment of the transcription start sites for accA and accB 32 genes described previously, and we evidenced the presence of multiple promoters 33 driving the expression of these genes. We showed further that regulation by Escherichia coli ( Figure 1A ). Then, a series of condensation, reduction, and dehydration 56 reactions performed by the products of the fab genes elongate the acyl chain carried by 57 the small acyl carrier protein (ACP). FA synthesis consumes a lot of energy; therefore 58 both FA degradation and synthesis must be tightly controlled. All the biochemical steps 59
of FA synthesis and their allosteric control are very well described in E. coli (1) . The key 60 regulators are the long chain acyl-ACP end products, which exert a negative regulatory 61 feedback on key enzymes of the FA synthesis pathway, such as the acetyl-CoA 62 carboxylase, FabH, and FabI. This negative feedback thereby coordinates FA synthesis 63 with the incorporation of fatty acids in membrane biogenesis (1) . However, the 64 transcriptional regulation of this process is much less understood. Only the expression 65 of fabA and fabB genes involved specifically in the synthesis of unsaturated FA have 66 been shown to be regulated. Expression of fabA and fabB is repressed by FabR that 67 binds a site overlapping their promoters, and is activated by FadR that binds a 68 desired strain background by P1 transduction (17). When required (for transformation 136 with the transcriptional fusion plasmids carrying resistance to kanamycin), the resistance 137 to kanamycin gene was removed using the pCP20 plasmid (18) . 138
Measure of expression using transcriptional fusions with GFP 139
E. coli MG1655 wild type strain or isogenic mutant strains were transformed with 140 plasmids carrying the gfp transcriptional fusions (14) and maintained with kanamycin. 141
For co-transformation, compatible plasmids (pBAD24 and derivatives) were used with 142 ampicillin for their maintenance. Selection plates were incubated at 37°C for 16 hours. 143 600 µl of LB medium supplemented with required antibiotics, and with 0.05% arabinose 144 when necessary for PBAD-driven expression, were inoculated (4 to 6 replicate each assay) 145 and grown for 16 hours at 30°C in 96-well polypropylene plates of 2.2 ml wells under 146 aeration and agitation. Fluorescent intensity measurement was performed in a TECAN 147 infinite M200. 150 µl of each well were transferred into a black Greiner 96 well plate for 148 reading optical density at 600nm (OD600nm) and fluorescence (excitation: 485 nm; 149 emission: 530 nm). The expression levels were calculated by dividing the intensity of 150 fluorescence by the OD600nm. These results are given in arbitrary units because the 151 intensity of fluorescence is acquired with an optimal and variable gain, and hence the 152 absolute values cannot be compared between different types of experiment and growth 153 conditions. 154
Mapping of the transcription start sites by 5'-RACE experiments 155
Total RNAs were prepared using the PureYields RNA Midiprep system from Promega, 156 on 10 ml of bacterial cultures of strains MG1655, EB586 (∆fadR), andMG1655/pEB1210 (FadR overproduction) grown at 37°C in LB until OD600nm reached 158 2. For overproduction of FadR, MG1655 strain transformed with pEB1210 plasmid was 159 grown to OD600nm = 0.5 and then induced with 0.05% arabinose until OD 600nm = 2. The 160 transcription start sites (+1) were then determined using the FirstChoice RLM-RACE kit 161 from Ambion. We followed exactly the instructions from the manual, except for the last 162 step of reverse transcription, for which we used the RT Superscript III kit (Invitrogen) 163 with random hexamers. Oligonucleotides used for outer and inner nested PCRs are listed 164 in supplementary table S1. 165
Electrophoretic mobility shift assay (EMSA) 166
We purified FadR and FcsA proteins, which were produced using respectively the 167 pEB1209 and pEB1489 plasmids as described previously (8, 19). Octanoyl-CoA and 168 oleyl-CoA were synthesized from octanoate or oleate and Coenzyme A (all purchased 169 from Sigma), using the fatty-acyl CoA synthetase FcsA enzyme (19) as described 170 previously (8): Fatty acid (50 µM) and CoA (50 µM) were added to a reaction buffer 171 containing 50 mM HEPES buffer (pH 7.5), 1 mM DTT, 5 mM MgCl 2 , and 1 mM 172
MgATP. FcsA was added at a final concentration of 1 µM to catalyze the ligation at 30°C 173 for 60 min. Then, 2 µl of purified FadR at 10 µM was preincubated with 4 µl of the 174 acylation reaction at 37°C for 10 min; acyl-CoAs are therefore estimated to be 10-fold in 175 excess to FadR. The EMSA experiment was then performed by mixing the 2 µl of 176 purified FadR at 10 µM preincubated or not with acyl-CoA, with 20 nM PCR fragment in 177 a 20 µl final reaction buffer containing 25 mM Tris-HCl buffer (pH 7.2), 10 mM MgCl 2 , 178 stained with GelRed (FluoProbes). In figure 6B , for each experiment, the white line 181 separates different parts of a same image, which has been edited before as a whole. The 182 following primers were used to amplify the promoter regions: accB : ebm1078/1079, 183 accD : ebm1101/1102, fabI : ebm1069/1070 (Table S1) . 184 Only the transcriptional fusion for testing fabZ was missing, due to the complex genetic 207 organization of fabZ in cluster with genes involved in lipopolysaccharide synthesis 208 ( Figure 1B) , and to the lack of a described specific promoter for fabZ (21). It has to be 209 noted that the accA transcription unit lies just downstream this complex operon (Figure  210 1B). In the ΔfadR mutant, the measured activities of all the transcriptional fusions in 211 late exponential phase were reduced compared to the wild type, at various levels ( Figure  212 2A). First, expression from the fabH promoter was totally abolished in the fadR mutant, 213 as we have described before (8). The expression of accD, acpP, and fabI fusions was 214 significantly reduced, though not abolished. The expression of accA and accB fusions wasexplained by the presence of multiple promoters. In reverse, in a strain where FadR was 217 overproduced using the pBAD-FadR plasmid, all constructs displayed a drastic increase 218 of expression ( Figure 2B ). In addition to the proximal promoter of fabH, and the 219 promoters of fabA and fabB already described, this suggested that accA, accBC, accD, fabI, 220
SDS-PAGE
and acpP-fabF genes were also activated by FadR. 221
Because we observed a global effect of FadR on the expression of FA synthesis 222 genes, we also decided to test the effect of a fabR deletion. In this case, we did not 223 observe any change in FA synthesis gene expression apart from the expected activation 224 of fabA and fabB expression ( Figure S1 ). 225
226

Identification of the FadR binding site in the promoters of FA synthesis genes 227
We analyzed the promoter regions of all the genes studied above. For all the genes 228 activated by FadR, we were able to spot a sequence matching the FadR binding 229 consensus sequence, including the ones already mentioned for fabI and acpP (Figure 3) . 230
The conservation is not very good, especially the left-half of the dyad, which might 231 explain why the accA, accB and accD sites were not spotted before. However, the sites 232 were located at distances ranging from -32 to -41 nucleotides relative to the 233 transcription start sites (+1) for the genes acpP, fabI, and accD, which is in agreement 234 with the action of FadR as an activator, with a distance similar to what has been 235 described for fabA and fabB genes (3, 12). The potential FadR binding site in fabI 236 promoter was mentioned two times in review papers, but the experimental and 237 contradictory data were never published (4, 10). First, we determined experimentally 238 the +1 site of fabI by 5'-RACE experiment ( Figure S2 For accA, we were able to separate two distinct promoter regions, both active in 269 wild type strain ( Figure 4A , 4C). The proximal accAP1 fusion contained the promoter 270 described previously (13), while the distal accAP2 fusion contained the FadR activated 271 promoter for which we had identified the +1 by 5'-RACE in the wild type strain (Figure  272 4). So, we asked whether the FadR independent transcription start site identified 273 previously could be detected in the absence of FadR. We mapped again the +1 by 274 5'-RACE experiment, but this time a fadR deletion mutant was used. Indeed, in the fadR 275 mutant, we were able to detect an additional and smaller band corresponding to the 276 accAP1 promoter ( Figure 4B ). Consistently, the activity of the accAP2 transcriptional 277 fusion was drastically reduced in the fadR mutant, while the accAP1 fusion conserved 278 the same activity ( Figure 4C ). However, the accAP2 promoter activity was not totally 279 abolished, as shown by the detection of both the P2 and P1 transcripts by 5'-RACE in 280 the fadR mutant ( Figure 3B ). Finally, the mutation introduced in the FadR binding site 281 abolished as expected the activation of the accAP2 transcriptional fusion by the FadR 282 overproduction ( Figure 4C, 4D) . 283
In the case of accB, we identified two overlapping promoters ( Figure 5A ), with 284 an organization very similar to what has been described for fabA (12). The activity of 285 the distal accBP1 transcriptional fusion confirmed the existence of the promoter 286 described previously ( Figure 5C ) (13). However, because of the close overlap of the two 287 promoters, we could not simply separate the accBP2 region from the accBP1 promoter. 288
We circumvented the problem by mutating the -10 region of the accBP1 promoter. This 289 enabled us to show that the accBP2 promoter was active and activated by FadR (Figure  290   5D ). In addition, we observed that overproduction of FadR repressed accBP1 ( Figure  291 5D), which is expected given that the FadR binding site lies on top of the accBP1 292 promoter ( Figure 5A ). As expected, the mutation in the binding site of FadR prevented 293 both the repression of accBP1 by FadR (compare accBP1* to accBP1 in Figure 5D ), and 294 the activation of accBP2 by FadR (compare accBP2* to accBP2 in Figure 5D ). However, 295 in contrast with accA, the accBP2 promoter appeared to be always preferred to the 296 accBP1 promoter, even in the absence of FadR. Indeed, accBP2 promoter was clearly 297 activated when FadR was overproduced ( Figure 5D ), yet it was not particularly affected 298 in the fadR mutant ( Figure 5C ), and we were not able to detect the +1 from accBP1 299 promoter by 5'-RACE even in the fadR mutant ( Figure 5B ). 300
301
FadR directly binds to the promoters of FA synthesis genes, which is dissociable 302 in an acyl-CoA dependent manner. 303
The previous results were strong evidence that FadR directly activates all the studied 304
promoters. Yet, we wanted to unambiguously demonstrate the direct binding of FadR 305 to the identified motifs. Figure 6B , fourth lanes). We also performed the same experiments using 316 PCR fragments containing mutations in the FadR sites as before, and could not detect 317 any band shift (data not shown). Therefore, despite the fact that we could not obtain a 318 total displacement of the DNA band, the binding was highly specific. The weak binding 319 might be explained by a weak affinity of FadR for its operators in activated genes. 320
Indeed, even for the well described fabB gene, the affinity was reported to be 20 times 321 weaker than for the fad genes, and an affinity 200 times weaker was mentioned for fabI 322 (4). 323 324
Regulation by FadR affects the amounts of fatty acid synthesis enzymes in the cell 325
The previous experiments clearly demonstrated that FadR directly activates the 326 expression from all the promoters that we studied. However, due to the complex 327 organization of the genes, with multiple promoters in some cases and the long mRNA 328 untranslated regions, it had to be proven that these promoters were indeed controlling 329 the production of the enzymes, and that the FadR regulation had a significant impact on 330 the amounts of the enzymes in the cell. In order to answer these questions, we used a 331 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from series of recombinant strains that produce the FA synthesis enzymes fused at their 332 C-terminus with the SPA tag (16, 24). These recombinant proteins were produced at 333 their natural level, as they were expressed from their wild type promoter(s). Apart from 334
AccD and FabA, we could detect an increase of all the proteins when FadR was 335 overproduced using the pBAD-FadR plasmid, with the strongest effect observed for 336
AccA and AccC (3 to 4 fold) ( Figure 7A ). Similar results were obtained before for the 337 FabH, -D, and -G enzymes, and to a lesser extent for ACP and FabF (8). The absence of 338 increase in FabA-SPA level is consistent with our previous observation that 339 overproducing FadR does not increase so much fabA transcription (8). 340
Only a small two-fold decrease could be observed in the levels of the enzymes in 341 the ΔfadR mutant compared to the wild type strain ( Figure 7B ). This was expected as 342 there was already not a very strong decrease of the transcriptional fusions in ΔfadR 343 ( Figure 2A ) and that even for FabA-SPA whose expression is strongly dependent on 344 FadR (25), the decrease was only two-fold ( Figure 7B ). Furthermore, several promoters 345 in addition to the promoter activated by FadR might be responsible for the production 346 of the FA synthesis enzymes, as it has been shown for fabA (12), for fabH (8), and for 347 accA and accB (see above). 348 The
we recently showed that FadR is required for the activity of the promoter just upstream 366 the fabH gene (8). In addition, recent data (9) and unpublished data on the fabI gene 367 mentioned in a review paper (4), suggested that FadR might in fact activate the 368 transcription of the majority of FA synthesis genes. 369
In this paper, we therefore reassessed the regulation of fatty acid synthesis gene 370 expression by the dual functional regulator FadR in E. coli, and showed that FadR 371 activates all fatty acid synthesis genes that we tested. Only the expression of fabZ was 372 not directly tested. However, we did not identify any potential FadR binding site and 373 we did not observe any effect of FadR overproduction on FabZ protein amount (data not 374 shown), in agreement with (9), which suggested that this gene might be regulated 375 independently from the others. Therefore, in E. coli, FadR alone is responsible for 376 controlling the expression of the two opposite pathways of FA degradation and FA 377 synthesis ( Figure 1A) . In other bacteria, two distinct regulators are used for the two 378 functions (5, 6). However, our results show that in all bacteria studied so far, a regulator 379 is present to control and coordinate the expression of the fatty acid synthesis genes. Inaddition to this global genetic control of FA synthesis genes, the unsaturated to 381 saturated FA ratio is controlled by various mechanisms in bacteria. In E. coli, the 382 balance between unsaturated and saturated FA is sensed by the FabR repressor, which 383 controls the expression of fabA and fabB that are specifically required for the synthesis 384 of unsaturated FA (25) (Figure 1 ). We showed here that FabR does not impact the 385 expression of other FA synthesis genes. 386
The molecular mechanism controlling FadR binding to its operator is the same 387 for the promoters of FA degradation and of FA synthesis genes. However, the binding 388 strength is clearly lower for FA synthesis genes: this is reflected by the difficulty to 389 Individually, some promoters highly rely upon FadR, such as the promoter 441 upstream fabH (8) (Figure 2A) , the accD promoter, and the accAP2 promoter described 442 here ( Figure 4C ). This pattern of activation is similar to the one described for fabA or pBAD-FadR (pEB1210) plasmids were incubated overnight at 37°C in LB 608 supplemented with 0.05% arabinose. The * symbol indicates that a mutation (Table S1) A logo corresponding to this alignment of activated promoters only was then computed 617 using the WebLogo generator (36) and is shown in color at the top. Shaded letters in 618 the alignment indicate a match to the computed consensus sequence motif described 619 before for FadR binding sites in Enterobacteriales, which is shown at the top in 620 grayscale (37). Black is used for highly conserved bases, and gray is used when the base 621 was in the consensus, but with a lower frequency. 622 
